Populus nigra L. is one of the most important male genetic donors in populus genetic improvement and tree breeding over the world. Many excellent Populus nigra clones are identified as triploids potentially obtaining by hybridization of 2n pollen and normal oogamete. This study revealed the cytological mechanism of 2n pollen formation in Populus nigra L. for the first time and concluded the best treated combination of colchicine treatment, which obtained 2n pollen with the highest rate reaching at 87.11% (even 100% 2n pollen in some floral buds) which made the polyploid hybridization utilizing 2n pollen in section Aigeiros possible.
Introduction
Polyploidy is an intriguing phenomenon that is regarded as an important mechanism of speciation and adaptation in plants (Otto and Whitton, 2000) . A polyploid is simply an organism that contains more than two complete sets of chromosomes. It commonly arises from mitotic or meiotic misdivisions by nondisjunction of chromosomes. Polyploids differ from their diploid progenitors in morphological, ecological, physiological and cytological characteristics. Its features, such as broader and thicker leaves, larger flowers, longer internodes, fewer stems per plant, fewer inflorescences, higher vegetative yields, more compact plants, greater tolerance to environmental stress, higher (additive) resistance to several diseases, increased seed weight but fewer seeds or higher chlorophyll production (Dewitte et al., 2012) , endow them with important breeding value on a more practical level.
Gametes with somatic chromosome numbers also referred to as 2n gametes or (numerically) unreduced gametes are considered the driving force behind the formation of polyploids in nature (Bretagnolle and Thompson, 1995; Otto and Whitton, 2000) . It originates from meiotic aberrations. 2n gametes are an effective and efficient way to transmit genetic diversity (allelic variation) to cultivated forms, including both valuable qualitative and quantitative traits. More recently, plant breeders have become interested in the practical use of 2n gametes in breeding program due to the new tools available for 2n gamete manipulation and insights into the genetic background of their formation (Dewitte et al., 2012) .
Formation of 2n gametes can be described as two main categories: first division restitution (FDR) and second division restitution (SDR) (Ramanna, 1983; Jongedijk et al., 1991; Bretagnolle and Thompson, 1995; Ramanna et al., the male genetic donor of the major popular cultivars over the world. Many excellent clones in section Aigeiros such as P. × euramericana 'Zhonglin-46', P. × langfangensis-3, P. × canadensis 'I-214' which have widely generalized in China have been all identified as triploids potentially obtained by hybridization of 2n pollen and normal oogamete (Zhang et al., 2004) . To investigate the best condition of colchicine induction and cytological mechanisms of unreduced gametes formation, three male genome types of Populus nigra L. ('TL', 'XJ1' and 'XJ2') from two localities were used in this study.
Materials and Methods

Plant material
Flower branches of 'TL', 'XJ1' and 'XJ2' were collected from Tongliao in the Nei Mongol Autonomous Region ('TL') and Altay Prefecture in the Xinjiang Uygur Autonomous Region ('XJ1' and 'XJ2'), receptively. All branches with robust floral buds were trimmed into 150-200 cm, sealed with plastic film and transported to Beijing Forestry University. Water culture was performed in greenhouse and the water was changed every 3 days.
Observation of floral buds, catkins and pollen mother cells (PMCs)
Floral buds and catkins were photographed by digital camera Sony DSC-W 70 while florets and anthers were observed by stereomicroscope Olympus SZX12 and photographed by digital camera Olympus C5060 Wide Zoom.
Treated buds were collected and fixed with Carnoy's Fluid (70% ethanol/acetic acid, 3:1) at 0, 3, 6, 9 and 12 h after colchicine injection and each sample contained 3-5 buds. After fixing overnight buds were transferred into 70% ethanol for storage at 4 °C.
Temporary tablet productions of PMCs dyed with acetocarmine were observed by optical microscope Olympus BX-51 and photographed by photographic system Olympus DP 70. Contrast and brightness of all photographs were processed by Adobe Photoshop CS4.
Colchicine injection
Process of PMCs development is related to the environmental temperature (Xu et al., 2011) , so that temperature in greenhouse was recorded when the floral branches were started to water cultivate. Anthers at the middle part of the fastest developed floral bud were collected to assess the process of PMCs development every 3 h at daylight when the floral branches had cultivated for 4 days. According to Zhang's research, colchicine injection would be performed when PMCs started to enter pachytene ( Fig. 1D) (Zhang, 2006) . Experiment must be completed mainly at daylight so that effect of colchicine could cover meiosis process as long as possible (Xu et al., 2011) . If PMCs entered pachytene stage at afternoon, branches would be moved to cold room where the temperature remain at 5 °C for the development of PMCs would be suspended (Kang et al., 1999) . In this case, injection would be performed the next day.
2003; Zhou et al., 2008) . In FDR, homologous chromosomes separation does not occur at meiosis I while sister chromatids of each chromosome normally moved to opposite poles at meiosis II. After cytoplasm division, FDR gametes retain all parental chromosomes without consideration of crossover segments. In SDR, chromosomes have normal behavior at meiosis I, but chromatids do not migrate to the two poles after centromeres divided at meiosis II. Therefore, SDR gametes contain two copies of genetic information as in normal gametes. Furthermore, aberrations during spindle formation such as parallel spindle, tripolar spindle, fused spindle might result in triads, dyads, or monads (Bretagnolle, 1995; Taschetto and Pagliarini, 2003; Dewitte et al., 2010; ) which would following produce FDR or SDR gametes based on a certain proportion. Besides, indeterminate meiosis restitution (IMR) (Lim et al., 2001 ) and post meiosis restitution (PMR) (Bastiaanssen et al., 1998) were reported in some species, which can produce 2n gametes equivalent to FDR or SDR gametes.
However, rate of natural 2n pollen production is too low to satisfy cross breeding in popular (Zhu et al., 1998; Kang and Zhu, 1997; Li, 2001) , so artificial induction must be implemented to improve yield of 2n pollen with the purpose of polyploidy acquisition. 2n pollen can be induced by several physical factors such as temperature, radial ray, ultrasonic, and centrifugal force among which the high temperature is the most applied one (Mashkina et al., 1989; Li et al., 2000; Kang et al., 2000) . While colchicine as representative of chemical factors is more generally used to induce 2n pollen by blocking up the formation of spindle (Salmon et al., 1984) .
Populus tomentosa × P. bolleana was treated with colchicine and gained 2n pollen reaching up to 88% (Kang et al., 1999) . In P. psedo-simonii Kitag, rates of unreduced pollen induced by colchicine and high temperature were 60.69% and over 59%, respectively. In P. simonii × P. nigra 'Tongliao', production of unreduced pollen was reached at 30.75% induced by colchicine and 50.28% induced by high temperature. Populus × popularis were induced by colchicine and the rate of 2n pollen was 62.10% (Xi et al., 2011) . In sect. Aigeiros, production of unreduced gametes in P. deltoides Marsh. cv. 'Shanghaiguanensis' and P. × euramericana were 87.40% and 95.44% improved by artificial induction, respectively. While in P. nigra var. Italica (Moench.) Koehne, an original species in sect. Aigeiros, production of 2n pollen was lower than the two hybrids mentioned above (55.67%) (Zhang, 2006) . Hybrids, some of which can produce natural 2n pollen, were chosen in many studies and had favorable performance in artificial induction probably because of their unstable genomes that may be doubled more easily (Kang, 2002; Zhang and Kang et al., 2010; Tian et al., 2015) . Research on original species in Populus is still at an early stage, and the cytological mechanisms of unreduced gametes formation are not clear.
Populus nigra L. is one of the original species in sect. Aigeiros which is widespread with the altitude range of 400-600 m around West and Middle Asia. It plays an important role in populus genetic improvement and tree breeding as 940 In order to avoid the asynchrony of PMCs development, peaks of all floral buds for injection were removed previously (Xu et al., 2011) . The rest parts were injected with disposable syringes and liquid injected into the floral buds was about 50 µl/time/floral bud to ensure the floral bud infiltrated with solution. Experiments which were implemented in three different genotypes 'XJ1', 'XJ2', and 'TL' respectively were performed with three factors: concentration of colchicine, interval time, and times of injection following by Orthogonal Design L9 (3 4 ) ( Table 1 ). The control group followed all the procedures mentioned above and replaced colchicine with distilled water.
Pollen collection and statistics
Pollen were collected into vials with silica gel desiccant respectively according to the treatment combination and stored at 4 °C before used. Statistics of 2n pollen rate was performed under optical microscope Olympus BX-51 that every treatment combination must include at least 15 floral buds and 300 pollen.
Results
Damage of floral buds
Colchicine injection brought the floral buds both chemical and physical damages and made the subsequent development suffocated (Fig. 2) , while buds injected with distilled water (Fig. 2A , D, G) were only suffered physical damage which blocked the rachis to elongate. However, pollen production of these buds was normal compared with floral buds without any treatment.
Pollen observation and statistics of 2n pollen rate PMCs entered pachytene stage at 15:00 in the 6 th day after branches started to water cultivate. The branches were moved to cold room subsequently and the injection was performed the next day. Temperature in greenhouse at night was below 15 °C before PMCs entered pachytene stage (Table 2) . The relationship between development process of PMCs and environmental temperature was consistent with our previous conclusion (Xu et al., 2011) . The result that leptotene appeared at Day 6th which was consistent with the conclusion we reached previously reconfirmed the relationship between temperature and development process of PMCs.
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Anthers started dehisce and pollen was collected in the 12th day after injection. The diameter of 2n pollen showed mainly about twice the normal one after colchicine induction (Fig. 3A) . Few of 2n pollen were observed in control group (Fig. 3B) probably due to the conservative meiosis of Populus nigra L. as one of the original species in sect. Aigeiros (Xu et al., 2011) . Results of orthogonal test in three genotypes and range analysis of three factors involved in the test were illustrated in Tables 3-4. The highest rate of 2n pollen was 87.11% in genotype 'XJ1' (even in some floral buds we observed 100% 2n pollen) injected with 0.8% colchicine solution 4 times every 3 hours. This result was 31.44% increase compared with Zhang's work in sect. Aigeiros (Zhang, 2006) and in close proximity to the highest 2n pollen yield of artificial induction in Populus hybrids (Kang et al., 1999; Zhang, 2006) , indicating that original species in Populus can obtain 2n pollen for hybridization via colchicine induction.
According to the range analysis, the best combination of colchicine injection was obtained in every genotype even though this combination did not exist in orthogonal test. Various responses of different genotypes to colchicine injection revealed that genotype was an important factor influenced the production of 2n pollen in colchicine induction. This result indicated that selection of genotype before artificial induction and hybridization was necessary and pivotal for polyploid breeding in Populus.
In genotype 'TL', the highest 2n pollen rate was reached 56.83% at test No. 5, the best combination was 0.6% of colchicine injected 3 times every 3 hours. The most influential factor in this genotype was concentration of colchicine and the second one was times of injection, while interval time of colchicine injection had little effect. Average rate of 2n pollen was peaked to 47.33% when colchicine concentration was 0.6% and then obviously decreased when colchicine concentration reached up to 0.8%, suggesting that genotype 'TL' was susceptive to colchicine and high concentration of colchicine restrained the production of 2n pollen. Though interval time had little effect on 2n pollen production, we still observed a decreasing tendency in average rate of 2n pollen with the increase of interval time. 2n production was maximized when the injection performed 3 times. In genotype 'XJ1', the highest 2n pollen rate was reached 87.11% at test No. 9, the best combination was 0.8% of colchicine injected 5 times every 3 hours. The most influential factor in this genotype was concentration of colchicine and the second one was interval time, while times of injection had the least effect on 2n pollen production. 2n pollen production was unsatisfactory when colchicine concentration was 0.4% or 0.6%, while 0.8% colchicine solution made markedly better performance on producing 2n pollen in this genotype. 2n pollen production was observably higher when floral buds were injected every 3 hours compared with the other two levels. Addition of injection times increased the production of 2n pollen and 5 times injection got the best result. There was no 2n pollen at test No. 6 probably because hysteresis or premature of PMCs development process in this test made the colchicine treatment incapable of covering their meiosis process.
In genotype 'XJ2', the highest 2n pollen rate was reached 84.72% at test No. 8, the best combination was 0.8% of colchicine injected four times every five hours. The most influential factor in this genotype was interval time and the second one was concentration of colchicine, while times of injection had little effect on production of 2n pollen. 0.8% colchicine solution was more efficient compared with the other levels, while deleterious effect of high concentration on the floral buds was also strong. Pollen production was reduced significantly. At test No. 9, all floral buds were blackened and sere and finally no pollen was obtained which probably because of exorbitant concentration of colchicine and frequent injection. Influence of interval time over 'XJ2' was most significant which was different from the other two genotypes.
This genotype was sensitive to injection operation and longer interval time was beneficial to high production of 2n pollen. Times of injection had little effect on the production of 2n pollen, and 4 times injection operation achieved the highest 2n pollen production. Every genotype had a best treatment combination respectively, while after an overall consideration of the statistics data, orthogonal design analysis, experimental operation and subsequent development of floral buds after injection, the ultimate best treatment combination was obtained as using 0.6% colchicine to inject peak-removed floral buds in pachytene 5 times every 3 hours.
Abnormal development of PMCs P. nigra L. is one of original species in sect. Aigeiros, meiosis of which was conservative under natural condition (Xu et al., 2011) . However, colchicine treatment made development of PMCs exhibits various abnormalities almost at all the stages of meiosis (Fig. 4) . Fig. 4A -F showed abnormal separation of chromosome and Fig. 4G -L showed abnormal division of cytoplasm. (Fig. 4F ) in this study presented as a cross and chromosomes were compline which was distinct from other studies (Zhang and Kang, 2010; Tian et al., 2015) . Besides, we observed other various abnormalities such as unseparated cytoplasm (Fig. 4G and L) and uneven tetrad (Fig. 4I) .
It was noticed that PMCs which had abnormal spindles in meiosis I were hardly observed because the chromosome failing to separate in meiosis I would complete meiosis II which seemed as a normal meiosis I. In this case, cytoplasm divided at telophase II to form a dyad and turned into two FDR-type 2n pollen, therefore the theoretical rate of 2n pollen was 100%. Half-fused spindles at meiosis II mentioned above could produce FDR or SDR-type 2n pollen and theoretical rate of 2n pollen in this condition was 33.33%. Fused spindle at meiosis II could also cause 2n pollen while types of which were not confirmed. In this condition, theoretical rates of 2n pollen were 100%. In this study, high rate of 2n pollen in some treatment combination probably due to FDR or/and fused spindle at meiosis II.
This study observed development abnormalities of PMCs after colchicine treatment and revealed the cytological mechanism of 2n pollen formation in Populus nigra L. for the first time, which act as guidance for the following induction of 2n pollen in sect. Aigeiros. The best treated combination of colchicine treatment was obtain and the highest rate of 2n pollen was reached at 87.11% (even 100% 2n pollen in some floral buds) which made the utilization of 2n pollen to polyploid hybridization in sect. Aigeiros possible.
Colchicine is known as an alkaloid extracted from Colchicum autumnale L. that influence the organization of the cytoskeletal network via interactions with its tubular structures (Jordan and Wilson, 1999) . In A. thaliana, colchicine interfered not only with the biosynthesis of antioxidants such as PQ and UQ (Ernster and Dallner, 1995; Wanke et al., 2000) , but also with the enzymatic antioxidant system (Drążkiewicz et al., 2003) . These influences potentially cause extensive injuring of orgains and tissues and blocked the subsequent development. Treatment of ungerminated seed in Platanus acerifolia with colchicine produced 40% tetraploid seedlings but the deleterious effect of colchicine on subsequent root growth made no seedlings grow up (Liu et al., 2007) . In loquat (Eriobotrya japonica (Thunb.) Lindl.), survival was significantly lower in all treated plants independently of the treatment duration and colchicine dose (Blasco et al., 2014) . In colchicine induction of Populus tomentosa × P. bolleana, pollen production reduced significantly due to the increase of injection times (Kang et al., 1999 ). Zhang's research in Populus popularis revealed that catkins were blackened and abscised prematurely after injection when concentration of colchicine was raised to 0.8% (Zhang, 2006) .
In our study, chemical damage brought the buds more significant change. Blackened appearance of bud and catkin peak (even whole in some case) (Fig. 2B , C, E, F) probably due to the influence of colchicine with the enzymatic antioxidant system which caused the accumulation of pigment. Sere and blackened catkins did not elongate and abscised prematurely which had similar performance with catkins after injection in Zhang's research (Zhang, 2006) . Fig. 2H, I showed smaller size of the whole catkins after injection compared with normal catkins, which leaded to the decline of pollen production directly. Deleterious effect of colchicine may explain the development inhibition of catkins and reduction of pollen production. Damage would become more serious with the increased concentration of colchicine and times of injection. In conclusion, high concentration of colchicine and too many times of injection leaded to the decline of pollen production.
In previous studies, parallel, fused spindles and premature cytokinesis were considered to be leading dyad formation (Zhang and Kang, 2010) . However, in our study, parallel spindles (Fig. 4B) were observed both in experimental group and control group suggesting that parallel spindles were not the main reason for dyad formation in P. nigra L. Fused spindles and dyad ( Fig. 4A and G) were present only in experimental group, which indicated that dyad formation probably due to fused spindles and premature cytokinesis.
Tripolar spindles (Fig. 4C , D and E) and triad ( Fig. 4J  and K) presented widely in experimental group, which were main, various abnormalities in meiosis of PMCs. Most tripolar spindles and triad were uneven (Fig. 4C , D and J) while equilateral spindles and equipotent triad ( Fig. 4E and K) were also observed. In Fig. 4D , two spindles at meiosis II were half fused to form tripolar spindles, which was responsible for one 2n pollen and two 1n pollen. 
